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Abstract 
High-quality manufacturing processes are fundamental to be successful on global markets. Especially the German industry relays on its 
reputation for high-quality products with top performance in combination with high reliability. To ensure and further improve the 
manufacturing quality, this paper evaluates the potential to adapt the Failure Process Matrix (FPM) to assembly lines with small quantities. The 
FPM was originally developed to reduce production failure and improve assembly quality of high-volume engine assembly lines in an 
automobile context. To adapt the methodology to small-quantity assembly lines, the first step was the analysis and evaluation of typical 
variations. Based on the findings, requirements for the adaptation of the methodology and the supporting software tool were developed. The 
adaptations include changes to the methodology especially in regards to the gathering of manufacturing data on the shop floor. Also, a new 
spreadsheet based software tool has been developed to fit the processes of small-quantity assembly lines. Furthermore, new key performance 
indicators to visualize und understand assembly quality throughout the whole assembly line, were included in the software tool. 
The adapted methodology with the matching software tool were successfully utilized to optimize the assembly quality of two small-quantity 
assembly lines for complex industrial large diesel engines used for various fields of application. The case study proved the potential of the FPM 
for a holistic understanding and improvement of assembly quality of small-quantity assembly lines with complex products. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of “The 47th CIRP Conference on Manufacturing 
Systems” in the person of the Conference Chair Professor Hoda ElMaraghy. 
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1. Introduction 
“Quality has to be produced; it cannot be realized by 
testing” (Werner Niefer, CEO Mercedes Benz AG 1989-93) 
Today enterprises are operating in highly turbulent 
environments [1]: product life cycles become shorter [2], the 
pressure to reduce costs and speed up innovations increases, 
and product quality is of significant importance [3]. In this 
context the quality of German machines and engines is a 
competitive advantage on global markets [4]. At the same time, 
global competition pushes enterprises to transfer labor intense 
processes, as for example assembly processes, to countries 
with lower cost structures. The outsourcing of labor intense 
manufacturing to low wage countries often causes quality 
problems. Resulting in management facing the challenge to 
compare number based facts as cost advantages to soft facts 
like quality, often deciding for the outsourcing. 
The transfer of labor intensive processes to low wage 
countries should not be the only response to global markets 
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and competition [5]. Assembly processes are especially 
important for an industrial economy. Assembly processes 
secure jobs for medium skilled workers and most importantly, 
they secure a high percentage of value adding for national 
economies (Figure 1) [6]. 
To keep labor intense processes in Germany, assembly 
lines need to be optimized. At the same time, the competitive 
advantage of quality must be calculated monetarily. 
Consequently, manufactures have the need for quality 
management methodologies like the Failure Process Matrix 
(FPM) to support the optimization of manufacturing process 
chains as well as visualizing quality monetarily. Like many 
other quality management methodologies, the FPM was 
developed to optimize mass production and large quantity 
assembly lines in the first place but methodologies to optimize 
assembly lines with small-quantity but complex industrial 
products are needed as well. The focus of this paper is the 
potential to use the FPM methodology for small-quantity 
assembly lines, helping to reduce costs and improve product 
quality. To support the adaptation of the methodology a 
software tool was developed, presented in this paper as well. 
The adaptation of the FPM methodology to small-quantity 
assembly lines was verified in a case study in cooperation with 
a well-respected large diesel engine manufacturer in southern 
Germany. 
The paper is structured into four chapters. Following the 
introduction in this chapter, the second chapter presents 
current quality management methodologies to optimize 
assembly processes. Chapter three summarizes the specific 
quality needs of small-quantity assembly lines and describes 
how the FPM methodology can be adjusted and improved to 
fit the challenges. Chapter four summarizes the results of the 
case study. The paper closes with the conclusion and future 
work in chapter five. 
2. Quality management for manufacturing processes 
There are a lot of different management principles applied 
in enterprises in order to ensure quality or control cost [7]. 
Most management principles deliver suitable and applicable 
tools to execute the methodology in an excellent way. 
However, these tools are usually focused on a certain 
perspective or a certain period of the life cycle. Altering the 
perspectives or starting point often makes the tools or the 
particular upraised data inapplicable. The FPM tries to be a 
holistic approach by utilizing already existing data and 
returning the lessons learned. The following two sections 
describe the Failure Mode and Effects Analysis (FMEA) and 
the Activity-based costing (ABC), both providing principles 
that were inherited in the FPM methodology which is 
described in third section. 
2.1 Failure Method and Effect Analyses 
The usage and wide acceptance of the Failure Mode and 
Effects Analysis, introduced by the Military of the United 
States [8], had its major breakthrough by the car manufacturer 
Ford in the seventies. Since then, the FMEA was further 
developed, made compulsory for product development 
processes and a lot of variations of the method, like the 
“Process FMEA”, were introduced. The main focus of the 
FMEA is the quality and safety of the product. The FMEA is 
a formalized and standardized procedure to identify failure at 
the earliest possible stage and the probability of occurrence. 
The severity and the possibility of detection for each single 
failure is analyzed and ranked with specific tables. This 
procedure is incorporated within the FPM. 
2.2 Activity-based costing 
The methodology of Activity-based costing by Kaplan and 
Burns [9] accumulates overheads for each organizational 
activity and assigns these costs to the services or the products 
causing that activity. Therewith, the methodology minimizes 
or avoids distortions on product costs occurring from arbitrary 
distribution of overhead costs [10]. The FPM adopts the idea 
to match the rework costs, costs for downtime and warranty 
costs to a single failure occurring at a single process step. 
2.3 Failure Process Matrix 
The FPM methodology was developed by Schloske and 
Henke [11]. The originally developed FPM targets large batch 
size engine production in the automobile industry. The 
methodology of the FPM consists of three subsequent analysis 
steps. 
First, the entire process chain is recorded and divided in 
single process steps. Any failure that may occur during the 
process chain is recognized and matched to the corresponding 
process step. Simultaneously, possible failure detection is 
recognized and matched to the process step in the same 
manner. Failure detection might occur at a dedicated quality 
assurance process step or during following common process 
steps [12]. As a result, a matrix that pinpoints potential failure 
and he related discovery possibility with the associated 
process step is created (Figure 2). 
With this knowledge, the failure distance for each 
individual failure can be determined. The failure distance is 
the distance between the occurrence and detection of an error 
and has a decisive influence on the rework costs. With 
increasing distance (e.g. more process steps between the 
Figure 1: Value adding in the process chain (cp. Westkämper [6]) 
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failure and the detection) more process steps have to be 
reversed. 
Second, probability data is integrated. The probability of 
occurrence of a particular failure and the probability of failure 
detection is added (Table 1). Therefore, the field-tested 
evaluation rating of the FMEA is utilized. The occurrence and 
detection probabilities are described by a field-proven non-
linear scaling, based on experiences that have been made in 
the application of FMEA [13]. It has been found that finer 
scale levels are necessary for the detection probability in the 
higher range, and a coarser scale is sufficient in the lower 
range. For the occurrence probability, this is exactly the 
opposite, see Table 1. 
Table 1. Requirements to adapt the FPM 
The rating system was introduced to enable an easier 
cooperation with shop floor workers and to allow multiple 
data input (e.g. worker, QM Systems, CRM). Shop floor 
worker interviews are usually the main source of information. 
Resulting, each failure can be characterized by the probability 
of occurrenceܨ୓, the probability of detectionܨୈ, and the fault 
distanceܨୈ୍ୗ . Qualitative deficiencies or failures that occur 
during the assembly process of the product and reach the 
customer are referred to as “runner” in this paper. These 
failures are characterized by a detection probability smaller 
than one. Runners are of special interest for analysis since 
faulty products generate high warranty expenses, damage to 
the company image or may even lead to liability claims. 
Third, the operating and financial data is integrated. The 
type of shift operation, the work shift duration, the number of 
working days and especially the batch size are of interest. 
Financial data like reworking costs ܨୈ  and warranty 
expenses ܨେ୛  are added to each corresponding failure. This 
data may be gathered from multiple data inputs (e.g. staff, 
quality management tools, CRM). With this information the 
FPM calculates the annual batch size ܰ, the number of faulty 
products for each failure ܨ୒ ൌ ܨ୓ܰ , the number of faulty 
product reaching the market ܨ୑ ൌ ܨ୒ሺͳ െ ܨୈሻ, the expected 
amount of reworking costs ܨ୉ୈ ൌ ܨୈሺܨ୒ െ ܨ୑ሻ  and the 
expected amount of warranty expensesܨ୉େ୛ ൌ ܨେ୛ܨ୑. 
The FPM has been applied to high-quantity engine 
assembly lines and successfully identified the failures that 
were either characterized by being large in numbers or in 
resulting costs. 
3. The FPM for small-quantity assembly lines 
Chapter three provides a brief introduction to the case 
study. It also describes the specific challenges to optimize low 
batch assembly lines by using the FPM methodology. The 
adjustments to the methodology are also defined. The chapter 
closes with the presentation of the developed software tool. 
3.1 The case study 
The objective of the case study was to improve the 
assembly quality and reduce quality related costs in small-
quantity engine assembly lines with complex products, see 
Figure 4. 
Type: BR2000 Type: BR4000
Cylinders: 8V, 10V, 12V, 16V 
Power: 500 – 1.790 kW 
Number of revolutions:  
2.100 – 2.450 1/min 
Cylinders: 8V, 12V, 16V, 20V 
Power: 700 – 4.300 kW 
Number of revolutions:  
1.800 – 2.100 1/min 
To do so, the FPM methodology was adapted to the 
characteristic environment of small quantity assembly lines to 
Failure Occurrence 
Probability 
Rating Failure Detection 
Probability 
0% 1 100% 
0.01% 2 99,5% 
0.02% 3 99% 
0.08% 4 97.5% 
0.24% 5 95% 
1% 6 90% 
20% 7 75% 
50% 8 50% 
75% 9 25% 
100% 10 0% 
Figure 2: FPM pinpointing the failure occurrence with the failure detection 
and the process step
Figure 4: Large industrial engines of the case study
Figure 3: FPM with probability data for failure occurrence and detection
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analyze potential for improvement. The adaptations to the 
FPM were verified by a comparison of the results of two 
assembly lines, BR2000 and BR4000, for large diesel engines. 
The large diesel engines are designed and produced to be used 
in ships, trains, harvesters, tanks, trucks and as part of power 
units for hospitals, plants and more. 
3.2 Challenges in small-quantity assembly lines 
The following description summarizes the differences 
between assembly lines for large quantities and the low 
quantity assembly lines of the case study. Based on the 
differences, adjustments are proposed to the methodology.  
a) Lot size and station times 
The lot sizes in the case study are significantly smaller 
compared to engine assembly lines of German car 
manufactures for which the FPM was developed. The process 
time at the assembly stations are between 90 to 120 minutes in 
comparison to around 90 seconds at car engine assembly 
lines. 
b) In-house production depth and variants 
The in-house production depth is considerably higher in 
the case study compared to previous engine assembly lines the 
FPM methodology was used for. The in-house production 
depth of cars including the engines was reduced over the last 
years [14]. The engine assembly lines in the case study have a 
higher in-house production depth with several pre-assembly 
processes for modules at the assembly line. Furthermore, the 
various fields these engines can be utilized for causes a huge 
amount of different components being necessary at the 
assembly line.  
c) Standardization 
The level of standardization has a huge influence on the 
assembly quality and consequently the product itself [15]. The 
level of standardization at engine assembly lines of car 
manufacturers is significantly higher due to shorter station 
times and fewer product variants per assembly line. The work 
flow of the analyzed assembly lines was not standardized at a 
comparable level. The different level of standardization has to 
be considered in the data collection process, which is directly 
linked to the assembly work flow of the engine.  
d) Automation 
Higher level of automation is usually linked to the 
production numbers. Higher production numbers justify 
higher investments in technology and machinery which leads 
to car engine assembly lines have a higher level of automation 
in comparison to the case study. Assembly lines with a lower 
level of automation require more workers working longer 
times on one engine. The methodology consequently needs to 
handle different levels of automation. 
e) Quality testing concepts 
The level of automation of quality testing is also lower for 
the previous mentioned reasons. Quality testing in this case 
study is often manual work and relays on personal 
responsibility of the workers doing random checks and using 
check lists. In the case study only the very important quality 
tests are automated. 
Based on the differences and a test run with the FPM, 
several requirements for the FPM methodology and the linked 
software tool have been examined. This requirements 
presented in Table 2, are essential to utilize the FPM for 
assembly lines with smaller production numbers but complex 
products, as in the case study. 
The chart also includes several general requirements to 
enable a more efficient utilization of the FPM methodology 
and the software tool. 
Table 2. Requirements to adapt the FPM 
3.3 Methodological adaptations mainly focusing on data 
collection and verification 
The interviews being the main source of information has to 
be adapted to the new situation of small-number engine 
assembly lines. Reduced level of automation as well as longer 
station times and lower work flow standardization, need to be 
considered. The interviewer is required to prepare an 
interview that ensures the full cover of work flows at each 
assembly station. Before the interview, it is required to study 
all assembly process steps, understanding of work place 
descriptions and a visit to the assembly station. The risk to 
miss information in regards to possible assembly failures is 
significantly higher when an assembly worker is interviewed 
during a 90 minutes work flow in comparison to a 90 seconds 
work flow. To reduce the risk of missing relevant information 
a second interview with an assembly worker of the second 
shift proved helpful. Further interviews with the construction 
department can be conducted to clarify technical questions. 
The planning department can support with information in 
regards to assembly processes and tools used. The foreman 
can help to clarify how the work is done on the shop floor. To 
Nr. Differences of small 
quantity assembly lines 
Requirements to adapt the FPM 
1. Lot size and station 
times 
Formulas and data collection 
need to be more flexible to handle 
different production numbers 
2. In-house production 
depth 
Introducing a higher flexibility to 
handle several product variants 
3. Standardization Adjust interviews and process 
descriptions in the FPM for a 
lower level of standardization 
4. Automation Requirement to handle different 
levels of automation 
5. Quality testing concepts Including different forms of 
quality testing as self-responsible 
quality tests by the assembly staff 
6. Additional improvements Graphical presentation of 
important facts 
7. Additional improvements Improving usability with more 
detailed failure descriptions and 
calculations 
8. Additional improvements Improving formula with the 
introduction of multiple failure 
detection 
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verify the overall data-collection process a comprehension to 
various quality related KPI’s, often available in the ERP 
system, is helpful. 
3.4 Additional features and the realization in a software tool 
The challenges and methodological adaptations resulting 
from the requirements of small batch assembly lines lead to 
improvements in the methodology and were directly 
implemented in a new spreadsheet based software tool. 
a) Considering multiple failure detection 
possibilities 
Failure detection may occur at all process steps following 
the failure origin. This matter of fact has to be considered 
when calculating the failure detection probability. Therefore, 
the global detection probability ܨୈୋ୐୓୆୅୐ was introduced. This 
number takes all following process steps into account and 
calculates the detection ratio if multiple detection is possible. 
ܨୈୋ୐୓୆୅୐ ൌ ͳ െ ൫ͳ െ ܨୈ୧ ൯ ǥ ሺͳ െ ܨୈ୬ሻ
ܨୈ୧  Detection probability of the following process steps of 
݊  process steps. By calculating this information along the 
process chain, one can visualize the progression of the failure 
detection from origin to the market. Figure 5 illustrates the 
path of partial detection of a failure occurring at process step 
1. There is a small detection possibility for process step 2 
ܨୈଶ ൌ ʹͷΨ and a high detection ratio at the quality assessment 
process step 3,ܨ஽ଷ ൌ ͷͲΨ. This results in a global detection 
probability ܨୈୋ୐୓୆୅୐ ൌ 62.5% and implies that 37.5% of the 
faulty products will not be detected within the company but 
delivered to the customer. 
b) Visualization method: ppm mountain 
The ppm mountain described in [11] delivers an overview of 
the process chain by representing the accumulated failures. 
The widespread unit “ppm” is used, meaning “parts per 
million” consequently in our case study “faulty parts per 
million”. This representation allows comparison between 
different process chains and might be compared across 
companies. To calculate the representation of the ppm 
mountain each process step is treated separately.  
The procedure described in Figure 6 is executed for every 
failure at each process step. Subsequently, the ppm value for 
each process step is calculating the sum over all failures. This 
data can be visualized along the process chain. Optionally, 
there is the possibility to incorporate a per-failure weighting 
factor. The factor used in this case study is the severity of 
each failure. The resulting weighted ppm mountain can be 
seen in Figure 7. 
This visualization method allows a review of the process 
chain with the focus on the customer. Other weighting factors 
(e.g. different cost types) allow a dedicated analysis focusing 
on a certain aspect of the process chain. 
c) Visualization method: failure detection path 
The failure detection path visualizes the devolution of the 
existence of a single failure (Figure 8). This visualization 
method only considers the detection probabilities at each 
following process step. Each failure can be characterized by a 
certain detection type: 
• complete detection of the failure 
• partial detection 
• no detection 
Figure 5: Global failure detection resulting of multiple detection possibilities
Figure 7: Exemplary weighted ppm mountain
Figure 6: Procedure to calculate the ppm for each process step and failure
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The visualization of the failure detection path can be used 
to evaluate each error individually. This particularly, 
facilitates the analysis of costly or quantitative significant 
errors in assembly. Additionally, the visualization can now be 
converted into an absolute representation. This is done using 
the probability of occurrence and the number of units 
produced per year. 
4. Results 
This chapter summarizes the results of the conducted case 
studies. The adapted FPM proved efficient to analyze 
potential to further improvement in assembly quality of both 
assembly lines BR2000 and BR4000. The developed software 
tool proved easy to use and detailed enough to handle 
complex assembly processes. The improved usability, the new 
calculation formulas and the automated graphical analyses 
proved efficient during the case study. The following graph 
shows the results of the analysis (Figure 9). The graph 
indicates the mean amount of assembly errors and the total 
rework costs per year for each assembly station in the 
assembly line. The assembly errors at the early station of the 
assembly line cause high rework costs because, at the end, 
these parts are in the center of the engine. This makes these 
failures particularly difficult to undo.  
The FPM methodology proved efficient and effective to 
improve product quality, helping at the same time in securing 
high quality manufacturing in Germany. 
5. Conclusion and future work 
The adapted FPM methodology and the matching IT tool 
proved efficient to analyze and improve assembly quality of 
small quantity engine assembly lines. The case study verified 
the potential to further improve assembly processes of 
complex industrial products by using the FPM. 
Future work includes the implementation of the FPM in a 
professional software tool to further ease the usability and 
enable a flexible use for different projects. Furthermore, after 
proving efficient for small and large quantity assembly lines 
the potential to utilize the FPM methodology for a wider use 
should be researched. First steps are done for example by 
Thieme [16] to use the FPM methodology to improve 
administrative processes. 
References 
[1] Westkämper E. Strategic Development of Factories under the Influence 
of Ermergent Technologies. CIRP Annals – Manufacturing Technology 
2007;56:419-422. 
[2] Westkämper E, Briel R. Continous Improvement and Participative 
Factory Planning by Computer Systems. CIRP Annals – Manufacturing 
Technology 2001;50:348-352. 
[3] Pleschak F, Sabisch H, Wupperfeld U. Innovationsorientierte kleine 
Unternehmen: Wie sie mit neuen Produkten neue Märkte erschließen 
(Small enterprises with a focus on innovation). Wiesbaden: Gabler 
Verlag; 1994. 
[4] Jaffe E, Nebenzahl I. National Image and Competitive Advantage. 
Copenhagen: Copenhagen Business School Press; 2001.
[5] Wiendahl H (Editor), Lotter B. Montage in der industriellen Produktion 
(Industrial assembly). Berlin: Springer; 2006. 
[6] Westkämper E. Fertigung – Lecture script: Fabrikbetrieb (Operations 
Management). Institute of Industrial Manufacturing and Management. 
Universität Stuttgart; 2007. 
[7] Quality management systems – Requirements (ISO 9001:2008); 
Trilingual version EN ISO 9001:2008. 
[8] United States Military Procedure: MIL-P-1629 – Procedures for 
Performing a Failure Mode, Effects and Criticality Analysis. 1949. 
[9] Kaplan R, Bruns W. Accounting and Management: A Field Study 
Perspective. Boston: Harvard Business School Press; 1987. 
[10] Ittner C, Lanen W, Larcker D. The association between activity-based 
costing and manufacturing performance. Journal of Accouting Research 
2002;40-3:711-726.  
[11] Schloske A, Henke J. Failure Process Matrix (FPM) – a new approach 
for the optimization of assembly lines. In Westkämper E. The 1st CIRP 
International Seminar on Assembly Systems, Stuttgart; 2006. p.257-260. 
[12] Schloske A. - Lecture script: Quality Management. Institute of Industrial 
Manufacturing and Management. Universität Stuttgart; 2008. 
[13] Schloske A, Henke J, Schulze T. Fehler-Prozess-Matrix als Ergänzung 
zur FMEA (Failure Process Matrix as an addition to the FMEA). QZ 51, 
München: Carl Hanser Verlag; 2006. 
[14] Vahrenkamp R, Siepermann C. Produktionsmanagement (Production 
Management). Oldenburg: Wissenschaftsverlag Oldenburg; 2008. 
[15] Tüpfer A. Six Sigma. Konzeption und Erfolgsbeispiele für praktizierte 
Null-Fehler-Qualität (Six Sigma. Concept and sucess examples for 
operating zero failure quality). Berlin: Springer; 2004. 
[16] Thieme P. Entwicklung einer neuen Methode zur Prozessleistungs-
messung (Development of a new methodologie for process performance 
measurement). Stuttgart: Fraunhofer Verlag; 2013. 
Figure 8: Failure detection path with partial detection
Figure 9: Exemplary results – assembly errors and rework costs 
